Polo-like kinase in Trypanosoma brucei (TbPLK) is confined to the flagellum attachment zone (FAZ) and regulates only cytokinetic initiation. However, it apparently diffuses into the cytoplasm before the translocalization of chromosomal passenger complex (CPC) from the midzone of central spindle to FAZ, which is known to be required for initiating cytokinesis. Synchronized T. brucei procyclic cells treated with a TbPLK inhibitor, GW843682X (GW), in late S phase were found to go through a full cell cycle at a normal pace before being arrested at cytokinetic initiation in the second cycle. However, synchronized cells treated with GW in G 1 phase were arrested at cytokinetic initiation within the first cell cycle, suggesting that inhibition of TbPLK at its emergence blocks cytokinesis within the same cell cycle. To rule out potential off-target effects from GW, TbPLK RNA interference (RNAi) was induced to deplete TbPLK, and the progression of synchronized cells from late S phase was also found to be arrested at cytokinetic initiation within the first cell cycle. Apparently, TbPLK has accomplished its role in guiding cytokinesis before the late S phase, presumably by phosphorylating a certain substrate(s) during S phase, which may play a critical role in initiating the subsequent cytokinesis.
Cell cycle progression in eukaryotes is tightly regulated, requiring participation of many regulatory proteins. The surveillance mechanisms, controlled under various checkpoints, monitor the integrity of cell cycle progression and ensure that genetic information is correctly transmitted to daughter cells (11, 19) . Aurora kinase B and Polo-like kinase 1 (PLK1) are among the major protein kinases playing multiple roles in regulating both mitosis and cytokinesis. Aurora B is known to regulate chromosomal segregation as well as cytokinetic initiation (38) . It forms a chromosomal passenger complex (CPC) with inner centromere protein (INCENP), Survivin, and Borealin/Dasra (10) . CPC binds to the kinetochores. It detects and corrects aberrant kinetochore-microtubule attachments by phosphorylating several key kinetochore-centromere components (42) , activating the spindle checkpoint (43) , and inhibiting the anaphase-promoting complex/cyclosome (APC/C) to arrest cells in metaphase (29, 34) . Once the kinetochore-microtubule attachments have been perfected, the spindle checkpoint becomes inactivated and the cell cycle proceeds to anaphase. An Aurora B-mediated phosphorylation of the subunits in the centraspindlin complex then targets centraspindlin and CPC to the central spindle midzone, where Ect2-bound centraspindlin activates the small GTPase RhoA to promote formation of the actomyosin contractile ring that constitutes the initial cleavage furrow (15, 28, 33, 46) . The ring then closes onto the midzone to complete the process of cytokinesis (3).
PLK1 also plays multiple roles in regulating G 2 /M transition (1, 37) , metaphase/anaphase transition (2) , anaphase release (20) , mitotic exit (18) , and initiation of cytokinesis (6, 14, 45) in yeasts and metazoans. It localizes in the nucleus throughout the cell cycle, during which expression of a particular function of PLK1 depends on its subcellular localization (30, 31) , whereas the particular localization of PLK1 hinges on binding, through its two Polo boxes, to specific targets available at a given time. PLK1 is targeted to the centrosome and kinetochores in early mitosis by binding to phosphorylated centrosomal CDC25C phosphatase (7, 22) and phosphorylated kinetochore-associated Bub1, respectively (17, 36) . A dramatic relocation of PLK1 from the centrosome and kinetochores to the spindle midzone during the subsequent metaphase-anaphase transition is accomplished by an association of PLK1 with PRC1 and MKLP2; both are phosphorylated by PLK1 to become a target for the Polo boxes in PLK1, which in turn relocalize PLK1 to the spindle midzone (30, 45) . Once localized there, PLK1 recruits RhoGEF and Ect2, which then attracts centralspindlin, which is associated with CPC to initiate cytokinesis (3, 6, 15, 28, 33, 35, 45, 46) . Thus, PLK1 and CPC form a complex in the spindle midzone during late anaphase for cytokinetic initiation.
Trypanosoma brucei is a deeply branched protozoan parasite which causes African sleeping sickness in humans and nagana in various livestock. It divides longitudinally from the anterior toward the posterior end of cell in a pattern totally different from that of metazoans and yeasts. There is a single Auroralike kinase homologue, TbAUK1, in T. brucei, which is responsible for promoting spindle assembly and chromosome segregation, as well as cytokinesis (39) . Homologues of INCENP, Borealin, and Survivin have not been found in the trypanosome genome (5) . Instead, a CPC consisting of TbAUK1 and two novel proteins, TbCPC1 and TbCPC2, bearing no structural similarity to those three proteins was identified in T. brucei (27) . This CPC in T. brucei displays a subcellular translocalization pattern similar to that of the metazoan CPC during mitosis (41) by associating with chromosomes during G 2 phase, binding to the apparent kinetochores in metaphase, and then moving to the central spindle midzone in anaphase. It then further trans-localizes in a pattern that has never been observed in other eukaryotes. The central spindle bends toward the dorsal side of the cell, where the flagellum attachment zone (FAZ) is located, in late anaphase. CPC in the midzone is then transferred, apparently across the nuclear envelope, to the midpoint of FAZ and then moves to the anterior end of cell to initiate cytokinesis by moving toward the posterior end to divide the cell (27) . This highly unusual mode of cell division in T. brucei indicates a fundamentally different mechanism of cytokinesis that could apply to flagellated eukaryotes that divide longitudinally.
There is also only a single PLK homologue, TbPLK, in T. brucei (13) . It is capable of complementing deletion of the PLK Cdc5 from Saccharomyces cerevisiae, suggesting that it possesses all the functions of Cdc5 (23) . However, TbPLK controls only cytokinesis in T. brucei. RNA interference (RNAi) of TbPLK produces cells with multiple nuclei, kinetoplasts, basal bodies, and flagella (23) . TbPLK does not localize to the nucleus but is associated with the posterior end of FAZ when it emerges during S phase and then moves along the growing tip of the new FAZ toward the anterior end (23, 40) . Since an interaction of PLK and Aurora B in the midzone has been postulated to play a critical role in regulating the dynamics of mitosis-cytokinesis coordination in metazoans (12) , it would be interesting to see if TbPLK in FAZ directs the trans-localization of CPC from the spindle midzone to the FAZ and if TbPLK and CPC form a complex in FAZ and move to the anterior end to initiate cytokinesis.
To look into these possibilities, we monitored the translocalization of fluorescence-labeled TbCPC1 and TbPLK during T. brucei cell cycle progression but observed that TbPLK vanished from FAZ in an apparent diffusion into the cytoplasm during anaphase prior to the trans-localization of CPC to FAZ. Treatment of T. brucei cells synchronized in late S phase with an inhibitor of TbPLK, GW843286X (GW) (24) , allowed the cells to go through an entire cell cycle before cytokinetic initiation was arrested in the second cycle. However, when the cells synchronized in G 1 phase were treated with the drug, they were arrested at cytokinetic initiation within the first cell cycle. The same result was reproduced when cells were first depleted of TbPLK by RNAi and then synchronized to the late S phase prior to their release. Thus, TbPLK, emerging in S phase, is likely to phosphorylate a certain substrate(s) upon its emergence, which could in turn promote the subsequent cytokinetic initiation.
MATERIALS AND METHODS
Trypanosome cell culture. The procyclic forms of T. brucei strains 427 and 29-13 were cultured at 26°C in Cunningham's medium supplemented with 10% fetal bovine serum (Atlanta Biological). To maintain the T7 RNA polymerase and tetracycline repressor gene constructs within the 29-13 cells, 15 g/ml G418 and 50 g/ml hygromycin B were added to the Cunningham's medium. Cultures were routinely diluted with fresh medium when the cell density reached 5 ϫ 10 7 /ml. RNA interference. A DNA fragment encoding the N terminus of the TbPLK gene product was cloned into the tetracycline (Tet)-inducible RNAi vector pZJM (44) for knockdown of TbPLK expression. Transfection of the procyclicform strain 29-13 cells was performed as previously described (23, 25) . The transfectants were selected with 2.5 g/ml phleomycin and cloned by limiting dilution. TbPLK RNAi was induced with 1.0 g/ml tetracycline.
Epitope tagging of proteins in T. brucei. For tagging proteins with both enhanced yellow fluorescence protein (EYFP) and mCherry fluorescence protein in the procyclic 29-13 cell line, TbPLK and TbAUK1 were cloned into the pC-EYFP-Bla vector and the pLew100-mCherry vector, respectively. The two linearized constructs were then transfected successively into the same cell sample for respective homologous recombination. Stable double transfectants were selected with 10 g/ml blasticidin and 1 g/ml puromycin for expression of the two fluorescence-tagged proteins under apparent endogenous regulation.
For tagging individual proteins with EYFP in the procyclic 29-13 cell line, which is capable of undergoing TbPLK RNAi, TbAUK1, TbCPC1, or TbCPC2 was cloned into the pC-EYFP-Bla vector. Each construct was linearized and transfected into the cell line already harboring the pZJM-PLK RNAi construct. Stable transfectants were selected with 10 g/ml blasticidin for expressing the fluorescence-tagged proteins. Phleomycin (2.5 g/ml) was also added to the cultures for maintaining the pZJM-PLK vector in cells.
For EYFP tagging of proteins in the procyclic strain 427 cell line, TbAUK1, TbCPC1, or TbCPC2 was cloned into the pC-EYFP-Neo vector, linearized, and individually transfected into wild-type 427 cells. Stable transfectants were selected with 40 g/ml G418 for expression of the fluorescence-tagged proteins.
Expression and purification of GST-TbPLK fusion protein and in vitro kinase assay. A plasmid for expressing glutathione S-transferase (GST)-TbPLK was constructed by cloning a PCR-amplified DNA fragment containing full-length TbPLK into the EcoRI-XhoI site of pET41a using the In-Fusion cloning kit (Clontech). The plasmid was transformed into ArcticExpress (DE3) RIL competent cells (Stratagene). The cleared lysates were subjected to glutathioneSepharose 4B purification. Purified GST-TbPLK protein was preincubated for 15 min at 37°C with 15 mM HEPES (pH 7.5), 2 mM dithiothreitol, and 10 g dephosphorylated casein (Sigma) in the presence of 5% (vol/vol) dimethyl sulfoxide (DMSO) containing various concentrations of GW. Mg-ATP (20 mM MgCl 2 , 25 M ATP, and 5 Ci [␥-32 P]ATP) was then added to the assay mixture, which was further incubated for 15 min at 37°C. The reaction was stopped by adding 2ϫ SDS sample buffer to the assay mixture (Bio-Rad) and boiling for 5 min. Proteins in the reaction mixture were separated by SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was exposed to a PhosphorImager for radiolabeled casein. Equal loading of casein samples in the reaction was verified by Coomassie blue staining of a duplicate SDS-polyacrylamide gel. Equal loading of TbPLK in the reaction was verified with anti-GST antibody in Western blotting.
Synchronization of the procyclic form of T. brucei. For synchronization of cells to the late S phase, cells expressing tagged TbAUK1-EYFP, TbCPC1-EYFP, or TbCPC2-EYFP were treated with 0.3 mM hydroxyurea for 16 h (8). The hydroxyurea was then washed off with fresh medium, and the cells were incubated in fresh medium for synchronous cell cycle progression. GW (5 M) in DMSO was added to the synchronized cells at 0 h after the release.
For synchronization of cells in the G 1 phase, cells expressing TbAUK1-EYFP, TbCPC1-EYFP, or TbCPC2-EYFP were cultivated in vitro at 26°C for 4 days until the cells reached the stationary phase with a cell density of 1 ϫ 10 7 /ml (see Results). The cells were then resuspended in fresh medium and released for synchronized cell cycle progression from G 1 phase.
For synchronization of cells harboring the TbPLK-RNAi vector and expressing endogenously tagged TbAUK1-EYFP, TbCPC1-EYFP, or TbCPC2-EYFP to the late S phase, the cells were first induced with 1.0 g/ml tetracycline for 24 h to knock down TbPLK expression. While RNAi induction was continuing, the cells were treated with 0.3 mM hydroxyurea for an additional 16 h for synchronization (8) . Hydroxyurea was washed off, and the cells were released in fresh medium while RNAi induction continued.
Flow cytometry analysis. Fluorescence-activated cell sorter (FACS) analysis of propidium iodide (PI)-stained trypanosome cells was carried out as previously described (26) . Briefly, T. brucei cells were spun down at 320 ϫ g for 10 min, washed once in phosphate-buffered saline (PBS), and resuspended in 0.1 ml PBS. The cells were fixed by adding 0.2 ml of 10% ethanol, 0.2 ml of 50% ethanol, and 1.0 ml of 70% ethanol (all in PBS with 5% glycerol) and incubated at 4°C. They were then spun down again at 2,900 ϫ g for 10 min, washed once with PBS, and resuspended in PBS. DNase-free RNase (10 g/ml) was added before the flow cytometry analysis. The DNA content of PI-stained cells was analyzed with a fluorescence-activated cell sorting scan (FACScan) analytical flow cytometer (BD Biosciences). Percentages of cells in each phase of the cell cycle (2C, S, and 4C) were determined by the ModFit LT V3.0 software (BD Biosciences).
Fluorescence microscopy. Cells expressing tagged TbPLK-mCherry, TbAUK1-EYFP, TbCPC1-EYFP, or TbCPC2-EYFP were collected by centrifugation at 320 ϫ g for 5 min, washed once in PBS, and fixed with 4% paraformaldehyde. The fixed cells were washed again with PBS, suspended in PBS, and allowed to adhere to poly-L-lysine-treated coverslips. The slides were mounted in VectaShield mounting medium containing 4Ј,6Ј-diamino-2-phenylindole (DAPI) and examined with a fluorescence microscope.
Western blotting. Cells were lysed in SDS loading buffer, fractionated by SDS-PAGE, and transferred onto a polyvinylidene difluoride membrane for immunoblotting. The membrane was probed using a rabbit polyclonal antibody to TbPLK obtained from Graham Warren. Antibody staining of ␣-tubulin was included as a sampling control. Horseradish peroxidase-labeled secondary antibodies and chemiluminescence were used for antibody detection. Intensities of the signals were quantified by using Image J software.
RESULTS
TbPLK trans-localizes from FAZ to cytoplasm during anaphase. T. brucei procyclic cells expressing both TbAUK1-EYFP and TbPLK-mCherry through homologous genetic recombination were synchronized with 0.3 mM hydroxyurea to late S phase and released (8) . Cell samples were taken hourly and examined with a fluorescence microscope. The results ( Fig. 1) indicate that during the initial 2 h, TbAUK1 became concentrated from a spread throughout the nucleus onto the metaphase plate, reflecting a cell cycle progression from S phase to metaphase. Meanwhile, TbPLK apparently moved from the posterior end to the midpoint of FAZ (40) . Between the third and fourth hours after the release, TbAUK1 moved to the midzone of the central spindle, signaling anaphase. However, the focal point of TbPLK-mCherry on the cellular dorsal side became faded and apparently diffused into the cytoplasm after 4 h, suggesting vanishing of TbPLK from FAZ in anaphase before the trans-localization of TbAUK1 from the midzone to the midpoint of FAZ in late anaphase. The apparent diffusion of TbPLK from FAZ into the cytoplasm during anaphase could be attributed to either a loss of TbPLK function or a dissociation of the anchor of TbPLK from FAZ (see Discussion). Thus, there is probably no complex formation between TbPLK and CPC on FAZ during late anaphase.
The PLK1 inhibitor GW inhibits TbPLK activity and blocks growth of T. brucei procyclic cells at cytokinetic initiation. A selective thiophene benzimidazole ATP-competitive inhibitor of PLK1 and PLK3, 5-(5,6-dimethoxy-1H-benzimidazole-1-
, has recently become commercially available (Tocris Cookson Inc.). It inhibits PLK1 and PLK3 with 50% inhibitory concentrations (IC 50 s) of 2.2 and 9.1 nM, respectively, in an enzyme assay that, in our opinion, might have overestimated the potency of GW (24) (see below). It inhibits the proliferation of a wide variety of tumor cell lines with much higher IC 50 s, ranging from 0.38 M on human lung adenocarcinoma cells to 6.82 M on human diploid fibroblast cells (24) . When tested at 1 to 3 M on the human lung adenocarcinoma cell line, GW reduced G 1 and S phases and induced a transient G 2 /M arrest, but it significantly enhanced the population of sub-2N and Ͼ4N cells after 72 h. When GW was used to treat human diploid fibroblast cells in the same concentration range, G 1 cells were reduced while G 2 /M cells were enriched, with a small increase in multinucleate cells, after 72 h. These phenotypes reflected inhibition of the multiple functions of PLKs in mammalian cells and suggested a specific action of GW on the PLKs in vivo under the experimental conditions used (24) .
To examine whether GW can also inhibit TbPLK, Escherichia coli-expressed recombinant glutathione S-transferase (GST)-tagged TbPLK was purified and used in an in vitro kinase assay with [␥-32 P]ATP and dephosphorylated casein as substrates in the presence of various concentrations of the drug. TbPLK phosphorylated casein strongly in the no-drug control but was inhibited by increasing drug concentrations, with an estimated GW IC 50 of 1.3 M (Fig. 2A) . The potential effect of GW on the growth of T. brucei procyclic cells was tested with increasing concentrations of GW from 1 to 5 M (Fig. 2B ). Cells grown with 1 M GW grew at a slightly lower rate than the no-drug control cells. The growth rate became significantly reduced in the presence of 2 to 3 M GW, and growth was virtually stopped by 4 to 5 M GW, which led eventually to cell death after 4 days of incubation. The IC 50 of GW for cell growth was estimated to be 2 M, which is in good agreement with the IC 50 of 1.3 M against TbPLK from our enzyme assay. The much lower IC 50 s of GW against mammalian PLKs than that reported against TbPLK could be attributed to different enzyme assaying methods. The one used for the mammalian enzymes has the enzyme protein deleted of its two polo boxes required for substrate binding and fused to p53. Phosphorylation of p53 by the kinase active site in the truncated PLK1 or PLK3 was taken as enzyme activity (24) . The IC 50 of GW estimated from this assay could be significantly below the real value due to compromised substrate binding. The IC 50 s of GW in the micromolar range against the mammalian cells suggest an IC 50 also in the micromolar range against the mammalian enzyme.
FIG. 1. Monitoring the localizations of TbPLK-EYFP and
TbAUK1-mCherry in T. brucei. Procyclic-form 29-13 cells transfected with pcBla-PLK-EYFP and pLew100-AUK1-mCherry were synchronized to late S phase with 0.3 mM hydroxyurea for 16 h and released. Cell samples collected after 2, 3, and 4 h of release were fixed with 4% paraformaldehyde, stained with DAPI, and examined with a fluorescence microscope. TbPLK-EYFP, green; TbAUK1-mCherry, red; DAPI, blue.
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To further examine the effect of GW on cell cycle progression, samples of unsynchronized procyclic cells incubated with different concentrations of GW for different times were stained with propidium iodide (PI) for DNA and analyzed by flow cytometry (Fig. 2C) . After 1 day of drug treatment, there was an enrichment of G 2 /M-phase cells (4C DNA content), which increased with higher concentrations of GW, accompanied by a corresponding decrease of G 1 -phase cells (2C DNA content). At the highest concentration of GW (5 M), there were signs of emergence of cells with 8C DNA content within 1 day, indicating that the cells failed to divide but instead went through another mitotic cycle to produce four nuclei in the cell. This result is in agreement with that obtained after knocking down TbPLK from the procyclic cells by RNAi (23) , except that it took longer (2 days) for RNAi to show the appearance of 8C cells, which could be attributed to likely lower turnover rates of TbPLK mRNA and protein. When the incubation time was lengthened to 2 or 3 days, the drug effect became even more pronounced, with a steady increase of the 8C cells with increasing drug concentrations. Thus, GW apparently has an effect similar to that of TbPLK RNAi on cell cycle progression, indicating a specific inhibitory effect of GW on TbPLK under the present experimental conditions. This also confirms our previous observation from the RNAi study (23) that TbPLK regulates only cytokinesis in T. brucei.
GW was used at 5 M in all subsequent experiments in an attempt to inhibit the TbPLK function immediately and completely in the treated cells, according to the data in Fig. 2 .
GW treatment of late-S-phase cells has no immediate effect on progression of the cell cycle but blocks cytokinetic initiation in the second cycle. Strain 427 procyclic cells expressing CPC1-EYFP through homologous genetic recombination were synchronized with 0.3 mM hydroxyurea to late S phase and released. GW (5 mM) was added at time zero of the release, and cell cycle progression was monitored hourly thereafter by flow cytometry. A more detailed examination was also conducted simultaneously by following the pattern of CPC1-EYFP translocalization with a fluorescence microscope, serving as another, more detailed indicator of cell cycle progression.
Data from flow cytometry of the no-drug control showed that the synchronized cells started mostly from late S phase (with a small percentage of G 1 cells still present) and proceeded quickly into the G 2 /M phase within the first hour (Fig.  3A) . G 1 cells, representing the daughter cells from cell division, then began to emerge and reached the highest level between the fourth and fifth hours. S-phase cells then began to reappear, reaching a profile by the eighth hour similar to that observed at 0 h, thus completing a well-synchronized cell cycle within 8 h.
When GW was added to the late-S-phase cells at time zero, the cells progressed almost exactly like those in the no-drug control during the initial 8 h. Essentially all the cells divided and returned to S phase again to complete the first synchronized cell cycle (Fig. 3A) . Thus, the drug exerted no detectable effect on progression of the first cell cycle. The cells then progressed into the G 2 /M phase of the second cell cycle at the (Fig. 3A) . This unusual observation, further quantitatively analyzed in Fig. 3B , indicated that inhibition of the TbPLK function in late S phase does not have an effect on the progression of the first cell cycle but stops cytokinesis in the second cycle. Thus, the TbPLK function expressed during S phase prior to the addition of GW in the late S phase is apparently of pivotal importance in guiding the occurrence of cytokinesis within the same cell cycle.
In the cells released in late S phase, trans-localization of TbCPC1-EYFP during the cell cycle progression was also monitored hourly with a fluorescence microscope for more detailed information. Approximately 200 cells in each sample were examined and categorized as interphase, metaphase, anaphase, late anaphase, "CPC1 on bent midzone," or "CPC1 on anterior tip" by localizing TbCPC1-EYFP and comparing it with the DAPI stain. In the no-drug control, TbCPC1-EYFP was identified mostly in a punctate distribution in the nucleus at the beginning (0 h), representing the interphase (Fig. 4A) . The population of interphase cells dropped quickly within the first 4 h but climbed back to a peak within 8 to 9 h, corresponding roughly to the time period of one cell generation. The metaphase cells also reached peak levels twice, at the 2nd and 10th hours. The anaphase and late-anaphase cells and the cells with TbCPC1-EYFP moving from the bent midzone to the anterior tip all emerged twice and peaked at the 3rd and 11th hours, respectively (Fig. 4A) . Thus, within 12 h, the synchronized control cells progressed from late S phase through one full cell cycle and reached cytokinetic initiation in the second cell cycle.
When GW was added to the synchronized late-S-phase cells at time zero, no apparent change from the control was observed in the first cell cycle progression until no TbCPC1-EYFP was detectable on the anterior tip in the second cell (Fig. 4B) . Cytokinetic initiation was blocked at this specific TbCPC1-EYFP trans-localization in the second cycle. This delayed response to inhibition of TbPLK in the late S phase until the next cell cycle suggests that the enzyme performs and completes its crucial function in directing cytokinetic initiation upon its first appearance in the S phase when GW is not yet added. The lack of any detectable effect of 5 M GW on progression of the entire first cell cycle also strongly suggests an absence of any off-target effect of GW on T. brucei cell cycle progression. Similar experiments monitoring the effects of GW on translocalization of the other two tagged CPC subunits, TbAUK1-EYFP and TbCPC2-EYFP (data not shown), during cell cycle progression were also performed. The results were essentially the same as those shown in Fig. 4 .
This unusual phenomenon could have a relatively simple explanation. When TbPLK emerges in S phase, it may start to phosphorylate a certain substrate(s). Thus, when GW is added in late S phase, the substrate(s) has already been phosphorylated and becomes capable of promoting cytokinetic initiation within the same cell cycle, even though TbPLK becomes inhibited by GW in the late S phase. If this hypothesis is true, then GW added to the G 1 -phase cells prior to the emergence of TbPLK is expected to inhibit cytokinetic initiation within the first cell cycle.
GW treatment of G 1 -phase cells blocks cytokinetic initiation
within the first cell cycle. Despite a few reports in meeting abstracts describing synchronization of T. brucei procyclic cells to the G 1 phase by nutrient starvation, there has not yet been a method published in the literature. We thus followed the published method for synchronizing the budding yeast S. cerevisiae to G 1 phase through nutrient starvation (21) . T. brucei strain 427 procyclic cells expressing TbCPC1-EYFP were inoculated into fresh culture medium (see Materials and Methods) to an initial density of 1 ϫ 10 5 cells/ml and incubated at 26°C for 4 days. The cells reached stationary phase with a density of 1 ϫ 10 7 cells/ml. Flow cytometry analysis indicated 95% G 1 cells, 3% S-phase cells, and virtually no detectable G 2 /M cells in the population (Fig. 5B, time zero) . The cells were harvested and released in fresh medium. During the initial 10 h, there was a slow but steady decrease of G 1 -phase cells accompanied by a corresponding increase of S-phase cells (Fig. 5B) . Apparently, the cells had a much-reduced rate of crossing the G 1 /S boundary after long-term starvation, reflecting a need for recovery from many potential defects accumulated during nutrient starvation. However, from the 11th hour on, most of the cells were in S phase. G 2 /M cells began to emerge and increased in number, reaching the maximum level at the 15th hour. They then began to decrease, while G 1 cells, derived from apparent cytokinesis of G 2 /M cells, started to rise (Fig. 3A) . The starvation-synchronized cells had thus apparently regained the healthy state after a 10-hour recovery period in fresh medium, and the cell cycle proceeded at the regular pace in a synchronous manner thereafter. When GW was added to the cells synchronized in G 1 phase at time zero, the recovery of cells during the initial 10 h proceeded essentially identically to that in the no-drug control ( Fig. 5A and B) , suggesting a lack of any drug effect on the recovery phase. However, after this period, the G 2 /M cells started to increase steadily without any sign of stopping up to the 20th hour. G 1 cells continued to decrease, whereas S-phase 
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on October 26, 2017 by guest http://ec.asm.org/ cells, after reaching the highest level at the 12th hour, also decreased steadily. Thus, a major difference between the drugtreated cells and the control cells was in the continued increase of G 2 /M cells accompanied by a steady decrease of G 1 -and S-phase cells, indicating an inability of G 2 /M cells to go through cytokinesis. Thus, one apparent difference between the effects of the drug on cells synchronized in late S phase and G 1 phase is that it allows progression of the former through a full cell cycle prior to inhibition of cytokinesis in the second cell cycle, whereas cytokinesis in the latter becomes inhibited within the first cell cycle. GW may have accomplished something crucial by being present in the G 1 phase instead of the late S phase, suggesting the importance of TbPLK function during its emergence in the S phase. The pattern of trans-localization of TbCPC1-EYFP after releasing the G 1 -phase cells was also examined in the absence of GW (Fig. 6A) . The interphase cells reached the maximum level after 12 h. They then started to decline but began to rise again at the 20th hour, resembling those synchronized in late S phase progressing between time zero and the 6th hour in the previous experiment (Fig. 5B) . Cells in metaphase peaked after 13 h, whereas those in anaphase, those in late anaphase, those with CPC on the bent midzone, or those with CPC1 on the anterior tip appeared sequentially afterwards with each one in a single peak up to the 17th hour, when G 2 /M cells were decreasing while G 1 cells were increasing (Fig. 5B) .
When GW was added to the G 1 cells at time zero and the localization of TbCPC1-EYFP was followed, the interphase cells first increased as in the control and then decreased between the 12th and 16th hour in a single peak without a subsequent increase toward the 20th hour (Fig. 6B) . Metaphase cells kept increasing and reached the highest level at this hour. The anaphase cells remained relatively constant in number, while late-anaphase cells and cells with CPC1 on the bent midzone were also increasing, with the maximum levels seen at the 20th hour. There was, however, no cell with CPC1 located on the anterior tip detectable, suggesting that trans-localization of CPC1 from the bent midzone to the anterior tip was inhibited by GW. Cytokinetic initiation was thus inhibited in the first cell cycle when GW was added in G 1 phase.
trans-Localizations of TbAUK1-EYFP and TbCPC2-EYFP (data not shown) in cells treated with GW from G 1 phase onward were also examined, and the results were the same as those from the TbCPC1-EYFP experiments described above.
T. brucei procyclic cells depleted of TbPLK by RNAi and synchronized to late S phase have cytokinetic initiation blocked within the first cell cycle. To rule out the possibility of potential off-target effects from GW that could have caused some of the phenotypes observed in the experiments described above, we depleted TbPLK by RNAi as described in our previous study (23) . The cells are known to continue growing at the same rate as the wild type within the first 1 to 2 days after RNAi induction (23) . We thus first induced the RNAi for 24 h and then treated the cells with 0.3 mM hydroxyurea for an additional 16 h to synchronize them to the late S phase while the RNAi condition was maintained. The cells were then released for cell cycle progression under continued RNAi induction. Samples of cells were taken before RNAi, after 24 h of RNAi, and after an additional 16 h hydroxyurea treatment under RNAi, lysed, and examined on Western blots for TbPLK using rabbit polyclonal antibodies to TbPLK kindly provided to us by Graham Warren (9). The results (Fig. 7) showed that TbPLK was decreased to 14% of the original level after 24 h of TbPLK RNAi induction and became undetectable after another 16 h of RNAi with hydroxyurea treatment. The cells had thus been deficient in TbPLK during the 16 h of hydroxyurea treatment before they were released in late S phase. The cells used for RNAi were the 29-13 strain, which has a longer generation time of 13 to 14 h, compared with 8 to 9 h for the 427 strain (data unpublished). The depletion of TbPLK from 14% to 0% during the second phase of the 16-hour RNAi and hydroxyurea treatment suggested that the kinase had been deficient for one cell generation or more before the release in late S phase, and the cells would be thus blocked at the cytokinetic initiation within the first cell cycle. The TbCPC1-EYFP-expressing and TbPLK-depleted cells, synchronized in late S phase, were released, and the subsequent cell cycle progression was monitored with flow cytometry. The RNAi-treated cells progressed similarly to the control cells in the initial 5 h, when late S-phase cells were transformed into G 2 /M-phase cells (Fig. 8A and B) . Then, between the fifth and eighth hours, the TbPLK-depleted cells Fig. 8A and B) . Compared with the control cells, which showed active conversion from G 2 /M to G 1 phase during the same period of time without any sign of 8C cells, the TbPLK-depleted cells were apparently blocked from cytokinesis within the first cell cycle similarly to GW-treated G 1 cells.
The trans-localization of TbCPC1-EYFP during this period was also monitored with a fluorescence microscope for 8 h. The control cells progressed from the late S phase to cytokinesis within this time span, with a continuous decrease in interphase cells and modest increases in metaphase, anaphase, and late anaphase cells as well as the cells with CPC1 on the bent midzone and cells with CPC1 on the anterior tip. For the TbPLK-depleted cells, there was a similar decrease in interphase cells and small increases in the other types of cells except for those with CPC1 at the anterior tip, which were hardly detectable, suggesting that trans-localization of CPC1 from the bent midzone to FAZ was blocked by TbPLK depletion (Fig.  9A and B) .
Similar results were also obtained with the cells expressing EYFP-tagged TbAUK1 or TbCPC2 (data not shown). TbPLK depletion thus abolished the trans-localization of all three CPC subunits to the anterior tip within the first cell cycle, agreeing with our previous data from GW treatment of G 1 -phase cells.
DISCUSSION
In the present study, we have further consolidated our previous observation that TbPLK has unusual properties in comparison to the PLK1s in other eukaryotes (4, 32) . It is localized in FAZ, and it is involved only in regulating cytokinesis in trypanosomes. Since TbPLK is capable of complementing an S. cerevisiae mutant depleted of Cdc5 (23), it apparently has all the necessary functions of Cdc5. Apparently, all it requires are the appropriate substrates or binding partners that emerge at specific times and specific locations during cell cycle progression. Thus, its local confinement in FAZ could cause its functional restriction in T. brucei, and its localization in FAZ could be attributed to the particular working environment inside a T. brucei cell. There has been no structural homologue of CDC25C, Bub1, PRC1, or MKLP2 found in the T. brucei genome (5), which may explain why TbPLK does not localize to the centrosome, kinetochores, or spindle midzone and is thus not involved in regulating centrosome maturation or metaphase-anaphase transition in T. brucei. The localization of TbPLK to FAZ could be attributed to the probable presence (27) . The observation made in the present study that TbPLK was apparently diffused from FAZ into the cytoplasm before TbCPC was to trans-localize from the central spindle midzone to the midpoint of FAZ suggests that they do not come together in FAZ prior to cytokinetic initiation. It is not known whether TbPLK diffused into the cytoplasm still retains its activity. Even if it does, it is unlikely that it could exert a regulatory function from the cytoplasm in directing the movement of TbCPC in FAZ to initiate cytokinesis. Thus, the regulation of cytokinesis by TbPLK (40) is most likely a function already accomplished before its dissociation from FAZ (see below). The subsequent unique movement of TbCPC in FAZ, first to the anterior end and then toward the posterior end of FAZ to divide the cell into two (27) , is apparently accomplished without the presence of TbPLK. Furthermore, since structural homologues of Ect2, centralspindlin, or the actomyosin complex, which are known to play essential roles in cytokinesis in other eukaryotes, have also been found to be absent in T. brucei (5), the mechanism of cytokinesis in T. brucei could be highly distinctive from that in metazoans or yeasts and unique to the eukaryotes that divide longitudinally. It could be a completely different mechanism of cytokinesis representing a new research field for further exploration.
The disappearance of TbPLK from FAZ during anaphase, apparently by diffusion into the cytoplasm, raised the questions of how TbPLK becomes associated with the posterior end of FAZ upon its emergence in S phase at the beginning (40) , how it migrates to the midpoint of FAZ in G 2 /M phase, and how it dissociates from FAZ in anaphase. From the accumulated knowledge on metazoans and yeasts, we could postulate that the two polo boxes in TbPLK may target the enzyme protein to the posterior end of FAZ, where a potential substrate of TbPLK may be localized. The subsequent movement of TbPLK along FAZ could be attributed to either migration of the bound target toward the midpoint or a continued change of targets by the enzyme toward the midpoint of FAZ. Eventually, the protein target in the middle portion of FAZ could become dissociated from FAZ and dissociate into the cytoplasm together with the TbPLK bound to it. Alternatively, TbPLK may become inactivated in anaphase, with its polo boxes incapable of binding to the target in FAZ. Some of the data from our preliminary study indicating a rapid disappearance of fluorescence-labeled TbPLK from FAZ upon addition of GW to the T. brucei cells (unpublished data) may lend some support to the speculation that TbPLK function is required for its localization to FAZ. These ideas could be readily tested by expressing a fluorescent-protein-tagged TbPLK mutant with the two polo boxes deleted. We are currently in the process of pursuing such a study.
Another question about the apparent dissociation of TbPLK from FAZ involves why it should vanish from FAZ at such a particular time and how it could regulate the initiation of cytokinesis while disappearing from FAZ ahead of the event. The use of an inhibitor of TbPLK, GW, and performance of TbPLK RNAi on T. brucei cells synchronized in the late S phase or G 1 phase in the present study may have provided a partial explanation for this puzzle. Emerging during the S phase (40) , TbPLK may have phosphorylated a certain substrate(s), whose phosphorylated form could be the actual regulator of cytokinetic initiation in T. brucei. TbPLK may diffuse from FAZ into the cytoplasm in anaphase, but the phosphorylated substrate(s) could remain localized to FAZ until late anaphase to direct the trans-localization of CPC from the midzone to FAZ or even to form a complex with CPC once the latter is trans-localized to FAZ for cytokinetic initiation. Thus, GW inhibition of TbPLK in late S phase would be too late to prevent phosphorylation of the substrate(s) at an earlier time. The latter will direct the progression of cytokinesis through the first cell cycle in a normal manner. When the newly divided cells have gone through G 1 phase and the newly synthesized TbPLK is about to emerge in S phase, the continued presence of GW will inhibit any TbPLK activity from appearing in the second cell cycle. Consequently, the substrate(s) will not be phosphorylated in the second S phase, and cytokinesis in the second cell cycle will be inhibited. When T. brucei cells are treated with GW in G 1 phase prior to the emergence of TbPLK or when TbPLK is depleted prior to the progression of cells into S phase, the substrate(s) would not be phosphorylated and cytokinesis would be inhibited within the first cell cycle. The outcome from our present study has fully verified these predictions. A positive identification of the substrate(s) should remain one of the most important goals for future investigation.
Few substrates of TbPLK have been identified in T. brucei thus far. TbPLK was found to emerge initially at the basal bodies and the posterior lobe of the bilobe structure near the Golgi apparatus (16) . A Golgi apparatus-associated Ca 2ϩ -binding protein essential for Golgi duplication, TbCentrin2, was identified to be a substrate of TbPLK in vitro (9) . Depletion of TbCentrin2 resulted in inhibition of T. brucei cell growth similar to that caused by TbPLK knockdown. However, TbCentrin2 is not associated with FAZ at any time during the cell cycle. Furthermore, depletion of TbCentrin2 inhibits Golgi apparatus duplication, whereas TbPLK deficiency results in multiple Golgi structures (16) . Thus, if TbPLK phosphorylation of TbCentrin2 plays a role in regulating the subsequent cytokinetic initiation, involvement of other steps appears to be necessary. Future investigations will have to focus not only on identification of the substrate(s) of TbPLK but also on the potential involvement of additional events that may play pivotal roles in localizing TbPLK to FAZ and controlling cytokinesis in T. brucei.
